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ABSTRACT 
Carbon dioxide (CO2) has received interest as an alternative refrigerant for air-conditioning compressors due to its 
environmental benefits.  These environmental benefits include zero ozone depletion potential (ODP) and low global 
warming potential (GWP) compared to commonly used hydroflurocarbon (HFC) refrigerants.  The tribological 
behavior of material pairs commonly used in air-conditioning compressors under the presence of CO2 has not been 
extensively studied and only limited published works are available.  Evaluation of typical tribo-contacts included 
Al390-T6, gray cast iron, and Mn-Si brass (UNS C67300).  These materials were tested against 52100 hardened 
steel pins using a pin-on disk configuration.  The tests were performed using a High Pressure Tribometer (HPT) in 
the presence of CO2 and polyalkylene glycol (PAG) lubricant.  Results showed that the scuffing resistance of gray 
cast iron and Mn-Si brass was similar and both materials performed better than Al390-T6.   
1. INTRODUCTION 
Nowadays, the air-conditioning industry has been focusing on alternative refrigerants for the replacement 
of HFCs due to environmental regulations.  The interest for long term solutions has been toward naturals 
refrigerants. Among different natural refrigerants such as water, air, isobutene (R600a), and ammonia, CO2 (R744) 
is an attractive candidate (Kim et al., 2004).  In fact, CO2 has been proven to be nontoxic and nonflammable with 
zero ODP and negligible GWP compared to HFCs (Lorentzen, 1995).  However, its implementation in air-
conditioning systems has been limited because CO2 systems have to be operated at very high pressures (Demas and 
Polycarpou, 2006).  
In air-conditioning compressors the solubility between refrigerants and lubricants plays an important role in 
the way the mixture circulates throughout the system and returns back into the compressor.  Circulation has to be 
ensured in order to lubricate the tribo-contacts in the compressor and avoid pressure drops inside the system 
(Yokoseki, 2006).  Materials such as Al390-T6, gray cast iron, and Mn-Si brass are commonly used for critical 
tribo-contacts in air-conditioning compressors.  Al390-T6 can be found in swash plate compressors, gray cast iron in 
scroll compressors, and Mn-Si brass is being implemented as a replacement of Al390-T6 in swash plate 
compressors.  Despite the fact that these materials are widely used in engineering applications, their tribological 
performance under the presence of CO2 and lubricant needs to be further investigated.  
The objective of this paper is to compare the tribological performance of Al390-T6, gray cast iron, and Mn-
Si brass using controlled tribological experiments in a CO2 atmosphere.  These materials were tested using a High 
Pressure Tribometer (HPT) (Sheiretov et al., 1995), which is a machine designed to perform tribological tests at high 
chamber pressures.  The disks were tested against 52100 hardened steel pins using a pin-on disk configuration under 
boundary-mixed lubrication conditions using PAG lubricant.  In these type of tests, scuffing resistance was 
determined by progressively increasing the load up to the point of failure at ambient temperature.  After testing, 
samples were polished for chemical characterization using Energy Dispersive Spectroscopy (EDS).  
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2. MICROSTRUCTURAL ANALYSIS 
2.1 Aluminum 390-T6 
Aluminum alloy of the 390 series is a hypereutectic alloy, mainly composed of a soft aluminum matrix 
with hard precipitates of silicon particles.  Silicon, which is not soluble in aluminum, provides good wear resistance 
to this type of alloys due to its hardness which is approximately 10 GPa (converted from Vickers scale)(Shabel et 
al., 1992).  The chemical composition of the 390-T6 alloy is shown in Table 1(Pergande et al., 2004).  From this 
table it can be seen that there is a high percentage of silicon (16-18%) in Al390-T6.  This provides the hypereutectic 
condition because the percentage of silicon at which the eutectic reaction takes place is 12.6% (Shabel et al., 1992).  
As seen in the SEM image (1500X) of Figure 1, silicon particles in Al390-T6 have a non-uniform morphology.  It 
can be seen that Al390-T6 is composed of primary silicon particles (large dark particles) and eutectic silicon 
particles (small dark particles) embedded in an Al matrix.  Primary silicon particles are mainly responsible for the 
improvement of the strength of the material and the wear resistance.  While eutectic silicon particles have a more 
uniform distribution in the matrix than primary silicon particles, the latter are small in number as seen in Figure 1.  
Additional elements like copper (Cu) and magnesium (Mg) are added to provide additional strength to the alloy.   
Figure 1: Microstructure of Al390-T6 hypereutectic alloy.  SEM image at 1500X showing primary and eutectic 
silicon particles 
2.2 Gray cast iron 
Gray cast irons are formed by addition of silicon.  Silicon promotes the formation of graphite flakes when 
its concentration is greater than 1%.  Graphite flakes fracture leaving a gray appearance and therefore its name.  
Graphite flakes are formed by dissociation of iron carbide (cementite, Fe3C) into alpha (α) ferrite and graphite (C).  
The formation of graphite is regulated by silicon and by slow cooling rates in the solidification process, which 
promotes the formation of graphite.  The percentage of carbon in commercial cast irons varies between 2.1 and 
4.5%.  Table 1 shows the chemical composition of gray cast iron (Suh et al., 2006), while Figure 2 (a) and Figure 2 
(b) show the microstructure of the pearlitic gray cast iron used in this work.   
Figure 2: SEM Microstructure of pearlitic gray cast iron, (a) graphite flakes surrounded by a pearlitic 
matrix, (b) cementite (Fe3C) light lamellar structure and ferrite (α) dark structure 
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Table 1: Chemical composition of Al390-T6, gray cast iron, and Mn-Si brass (wt%)
   
2.3 Mn-Si brass 
Mn-Si brass is a high tensile brass commonly used for applications where good wear resistance and low 
friction coefficient is required as for example in the automotive industry for synchronizers in gearboxes (Waheed 
and Ridley, 1994).  In Mn-Si brass (UNS C67300) the microstructure consists of a copper rich α soft phase matrix 
and a manganese silicide phase (Mn5Si3) (Sun et al., 1989).  It was claimed that the low percentage of Al in this 
alloy (less than 0.02 %) causes the matrix to be mainly rich in α phase.  Also, it is reported that primary Mn5Si3
particles nucleate during the liquid phase while small Mn5Si3 particles nucleate from the solid phase, with the latter 
in bigger numbers and a more uniform distribution in α phase (precipitation of α and small Mn5Si3 happens 
simultaneously during cooling) compared to primary particles of Mn5Si3.  Primary and small Mn5Si3 particles can be 
seen in Figure 3 along with Pb while chemical composition of Mn-Si brass is also shown in Table 1.  It has been 
reported that silicon increases the wear resistance Mn-Si brass by forming hard Mn5Si3 phase, and improves its 
performance during cold and hot plastic deformation (Pugacheva, 2007).  Manganese improves the fatigue 
resistance by increasing the ultimate rupture resistance, as well as its corrosive resistance and ductility (Pugacheva, 
2007).  Lead plays an important role in this alloy since it provides free machining characteristics due to its lubricity 
properties.  However, lead is responsible for the loss of ductility at high temperatures in copper alloys when its 
content exceeds 0.5% being segregated along the grain boundaries (Turhan et al., 2001). 
Figure 3: SEM microstructure of Mn-Si brass.  Primary and small Mn5Si3 particles and Pb are shown 
Specified chemical percentage weight (wt%) 
Elements 
Al-390T6 Gray cast iron Mn-Si brass 
Al 76 - 0.01 
C - 3.20-3.70 - 
Cu 3.00-4.00 - 60.40 
Fe 1.00 Balanced 0.23 
Mg 0.40-1.00 - - 
Mn 0.50 0.70-0.80 2.43 
Pb - - 1.24 
Si 16-18.5 2.20-2.55 0.86 
Zn 1.00 - 35.58 
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3. EXPERIMENTAL PROCEDURE 
Using a pin-on-disk configuration, a set of scuffing experiments were performed.  In these experiments, 
PAG lubricant (Idemitsu Kosan Co., Ltd. PZ 68ZL) specifically manufactured for use with CO2 was used.  During 
this set of experiments, Al390-T6, gray cast iron, and Mn-Si brass disks were tested against 52100 hardened steel 
pins.  The tests were performed at room temperature (22 °C).  A small amount of 40 mg of PAG lubricant was 
applied onto the surface of the pins.  The room temperature was such that the viscosity of the oil was affected only 
by the CO2 pressure.  The normal load was increased in steps of 67 N every 15 seconds (15 lbs/15s) up to the point 
of scuffing failure.  A rotational speed of 1000 rpm, corresponding to a linear speed of 2.4 m/s was used and the CO2
pressure was kept constant at 0.17 MPa (25 psi).  The scuffing point was characterized by a sudden increase in the 
friction coefficient manifested through the formation of cold welds between the pin and the disk.   
Before initiating a test, the samples were immersed in a pool of acetone and ultrasonically cleaned, then 
rinsed with alcohol and dried using warm air. In order to ensure repeatability, each experiment was performed twice.  
In the contact geometry used for these experiments, the pin was the lower stationary part, while the disk was the 
upper rotating part.  The conditions of the two sets of experiments are summarized in Table 2.  In order to guarantee 
similar surface roughness, all disks were machined and polished using lapping.  The root-mean square roughness 
(Sq) of the samples was determined using 10 mm-long profilometric scans and was approximately 0.7 μm, while the 
SAE 52100 hardened steel pins had an Sq = 20 nm (determined using 1 mm-long profilometric scans).   
Table 2: Summary of experimental conditions for scuffing experiments 
3.1 EDS 
EDS experiments were conducted on a high resolution field emission JEOL 7000F SEM.  This equipment 
has electron backscatter diffraction (EBSD) capability and is equipped with a high resolution camera for 
crystallographic measurements, high speed texture mapping, and phase identification. The electron sourced is a 
Schottky field emission gun with probe current of 1 pA to 200 nA and accelerating voltage from 0.5 to 30 kV.  EDS 
studies were performed inside the wear track.  By using this technique it was possible to analyze chemical 
composition at specific regions inside the wear track and obtain answers of the mechanisms leading to scuffing.  
4. EXPERIMENTAL RESULTS 
Experimental results for the first series of experiments are shown in Figure 4.  The scuffing load and 
resulting friction coefficient are shown for the different interfaces.  As seen in Figure 4 (a), the scuffing resistance of 
Al390-T6 disk was approximately 500 N in both tests.  For the case of gray cast iron, the scuffing resistance was 
higher than Al390-T6 at 850 N as shown in Figure 4 (b).  Mn-Si brass had a scuffing load similar to gray cast iron 
(approximately 850 N) as seen in Figure 4 (c).  However, the tribological behavior of this material was different 
compared to Al390-T6 and gray cast iron.  In fact, it is interesting to see that Mn-Si brass fails less catastrophically 
compared to the other two materials.  As seen in Figure 4 (f), a gradual increase in the friction coefficient before 
failure was observed.  This phenomenon can be attributed to the presence of Pb in the chemical composition of Mn-
Si brass.  Pb is used for free machining and has a low meting point of 327°C.  It has been reported that friction 
coefficient and temperature increase suddenly during scuffing (Cavatorta and Cusano, 2000).  This increase in 
Conditions Scuffing experiment 
CO2 Pressure: (MPa) 0.17 
Temperature (°C) 22 
Step Loading Conditions (N/s) 67/15 
Time (s) - 
Lubricant  Amount (mg) 40 
Linear Speed (m/s) 2.4 
1205, Page 5 
International Refrigeration and Air Conditioning Conference at Purdue, July 14-17, 2008 
temperature can cause melting of Pb at the onset of scuffing which allows the Pb to act as a lubricant.  It is believed 
that this is the reason why failure or scuffing is not sudden in Mn-Si brass.  In fact, as seen in Figure 4 (f), at the 
onset of scuffing, Mn-Si brass can support additional load before the friction coefficient becomes high.  The spikes 
in the raw (unfiltered) data of Figure 4 are due to electrical noise and should be ignored. 
The friction coefficient, for the case Al390-T6 was approximately 0.18 in both tests as seen in Figure 4 (d).  
For the case of gray cast iron friction coefficient started at approximately 0.14 and decreased to 0.11 as seen in 
Figure 4 (e) before scuffing, while the friction coefficient for Mn-Si brass was steady at 0.14 as seen in Figure 4 (f).  
Despite the fact that these experiments are very short in duration, they provide information about the maximum load 
sustained before scuffing for the three materials.  Also, from these experiments it should be noted that the friction 
coefficient was unsteady at the beginning of the tests due to run-in.  The run-in behavior was similar for the three 
materials possibly because the same surface polishing preparation was used via lapping. 
















































































Figure 4: Scuffing experiments for (a), (d) Al390-T6, (b), (e) gray cast iron, and (c), (f) Mn-Si brass at 22 °C 
4.1 SEM images of the scuffed disk samples 
SEM images of the samples tested in the first set of experiments (scuffing) are shown in Figure 5.  As seen in Figure 
5 (a), the Al390-T6 sample shows large delaminated regions in the scuffed surface, while Figure 5 (b) shows typical 
galling characterized by roughening and protruded areas.   
Figure 5: SEM images inside the wear track of (a) and (b) Al390-T6, (c) and (d) gray cast iron, (e) and (f) Mn-Si 
brass during scuffing experiments 
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During the onset of scuffing, failure of the lubricant film causes the destruction of the transformed layer (Sheiretov 
et al., 1998).  Destruction of this layer causes fracture of the primary silicon particles as seen in Figure 6 in the bulk 
of the aluminum surface exposing hard and abrasive silicon particles at the interface between the two materials.  
Eventually, severe adhesion takes place (silicon has good chemical affinity with iron) leading to the plastic shearing 
of the bulk of the material (seizure).  This explains the large delamination bands present in the Al390-T6 sample 
after scuffing.  In the case of gray cast iron as seen in Figure 5 (c) and Figure 5 (d) adhesive wear was observed.  It 
should be noted that adhesive wear in this sample is less severe compared to Al390-T6.   
Figure 6: SEM image of Al390-T6 showing cracks on a primary silicon particle below the surface during scuffing 
Also, due to the presence of graphite flakes, a sudden failure can be expected during scuffing because its tips which 
are sharp and pointed act as stress concentration sites as seen in Figure 7.   
Figure 7: SEM image of gray cast iron shows plastic flow and propagation of cracks originated from graphite flakes: 
(a) 400X, (b) 1500X  
In addition, Mn-Si brass shows adhesive wear, but more plastic deformation during scuffing compared to Al390-T6 
and gray cast iron as seen in Figure 5 (e) and Figure 5 (f).  Large plastic deformation during scuffing in the case of 
Mn-Si brass can be explained based on the detachment and fracture of hard Mn5Si3 particles of the matrix during 
sliding as can be seen in Figure 8.  These particles, which are smaller in size (~ 10 μm) and number compared to 
primary silicon particles in Al390-T6, behave as a third abrasive body leading to less delamination bands.  Since 
there is a smaller number of Mn5Si3 in volume, it is believed that after fracture, depletion of these particles leads to a 
decrease in strength and fatigue resistance leaving a softer matrix that can flow plastically more easily. 
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Figure 8: SEM image of Mn-Si brass shows fracture of a Mn5Si3 particle and cracks propagating from this particle 
during scuffing 
4.2 EDS Results 
EDS results are shown in Figure 9 where the spectrum with the chemical elements at each point inside the 
wear track of Mn-Si brass are presented.  As seen in this image fracture of Mn5Si3 particles and propagation of 
cracks led to failure of the surface.  Spectral analysis reveals the presence of lead (spectrums 2 and 4) inside the 
broken Mn5Si3 particles.  This finding supports the observation made previously in Figure 4 (f); Lead melts during 
scuffing of Mn-Si brass leading to a less catastrophic failure.  Melting of Lead due to an increase in temperature at 
the onset of scuffing caused Lead to behave as a liquid lubricant filling the gaps between the broken Mn5Si3 particles 
as seen in Figure 9.  
Figure 9: Chemical composition analysis inside the wear track of Mn-Si brass using EDS mapping in different 
locations 
1205, Page 8 
International Refrigeration and Air Conditioning Conference at Purdue, July 14-17, 2008 
5. CONCLUSIONS 
The performance of three different material interfaces in the presence of CO2 and boundary/mixed 
lubrication conditions was evaluated.  Results showed that the scuffing performance of gray cast iron and Mn-Si 
brass is similar and both materials perform better than Al390-T6.  However, the process in which the Mn-Si brass 
sample behaved when approached scuffing was different compared to the other two materials.  In the case of Mn-Si 
brass, retardation of scuffing is attributed to the presence of Pb in the matrix which melts and behaves as a lubricant.  
In the case of Al390-T6 it was found that primary Si particles which are the main strengthening element of this 
material, breaks during scuffing and cracks propagates through the surface.  In the case of gray cast iron cracks 
nucleate and propagate to the surface from the sharp corners of graphite flakes leading to an abrupt failure of the 
material.  Finally, in the case of Mn-Si brass cracks nucleate and propagate from primary Mn5Si3 to the surface 
during scuffing. 
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